1. The adenosine-triphosphatase activity of rat-brain microsomes was measured between 00 and 37°. The stimulatory effect of Na+ plus K+ on the Mg2+-dependent adenosine-triphosphatase activity decreased sharply with decreasing temperature and became negligible at 00. An Arrhenius plot drawn from the experimental data showed two discontinuities: one at about 60 and the other at about 200. 2. The increment in activity induced by Na+ plus K+ was more sensitive to oligomycin at lower than at higher temperatures, but the opposite was observed for ouabain. The action of oligomycin showed a biphasic character, since below a certain concentration it caused slight activation of Na+-plus-K+-activated adenosine triphosphatase. 3. Where oligomycin increased the activity of the enzyme, it also enhanced the accumulation of an acid-precipitable phosphorylated compound formed through the transfer of the y-phosphate group of [32P]ATP to the enzyme system. Stimulatory concentrations of oligomycin did not interfere with K+-mediated dephosphorylation of the intermediate, though high concentrations of oligomycin counteracted the effect of K+. 4. The temperature profile of K+-stimulated microsomal phosphatase qualitatively resembled that of microsomal adenosine triphosphatase.
The retardation of K+-linked Na+ transport by low temperatures has been observed by various investigators (Whittam & Davies, 1953; Page, Goerke & Storm, 1964; Willis, 1964) . Impairment of energy supply could be one reason for the temperature effect, or the enzyme system that is involved in the transport of Na+ and K+ across biological membranes could be directly affected by low temperatures. Skou (1965) and Ahmed & Judah (1965a) have shown that (NaK)-ATPase,* present in membrane fragments and supposedly closely connected to the transport of alkali-metal ions, possesses an unusually high temperature coefficient.
The object of the present work was a more detailed study of the effect of temperature on (NaK)-ATPase. The experiments described below confirm and supplement previous reports on nonactivation of the enzyme by Na+ plus K+ at low temperatures. It is also shown that the temperature-dependent changes in enzyme activity are * Abbreviations: ATPase, adenosine triphosphatase; in accordance with the suggestion by Wheeler & Whittam (1964) , the activity observed in the presence of Mg2+ alone is designated (Mg)-ATPase and that measured in the presence of Mg2+, Na+ and K+ as (NaK)-ATPase. Animals. Male albino rats of a local strain were used.
METHODS
Enzyme preparation. For the preparation of rat-bra-n membrane ATPase, the procedure of Skou (1962) was slightly modified to avoid contamination with oligomycinsensitive mitochondrial ATPase. Whole rat brain was homogenized with 10 parts (v/w) of 0 25M-sucrose containing EDTA (1 mM) and tris buffer (50mM) adjusted to pH7-4 with HCI. The homogenate was centrifuged at 1OOOOg for 20min. at 0°, sedimented material was discarded and the centrifugation was repeated twice more. The final supernatant was then centrifuged at 30000g for 30min. and the precipitate suspended in ice-cold 0-25M-sucrose containing sodium deoxycholate (0.2%, w/v) and EDTA (5mM). Subsequent steps were as described by Skou (1962 Approx. 50% of the ATP was hydrolysed. The progress of the reaction was found to be nearly linear up to 50% hydrolysis of the ATP. The reaction was stopped with 0-05ml. of 50% (w/v) trichloroacetic acid. After centrifugation, 0-2ml. of the supernatant was removed and the liberated Pi separated from nucleotides by extraction with 2-methylpropan-1-ol-benzene (Nielsen & Lehninger, 1955; Avron, 1960 ATP (0-4mM; specific activity 5 x 105 counts/min./,mole), and the ATPase preparation in an amount equivalent to 0-8mg. of protein/ml. Where indicated, NaCl (25mM) and KCI (5mM) were added. The total volume was 1 ml. The reaction was started by adding ATP to the mixture, equilibrated at 240 for l9min., and terminated after 15sec. by adding 5ml. of ice-cold 0-5w-HC104 under vigorous stirring. The mixture was centrifuged immediately at 6000g for lOmin. at 00. To remove any absorbed radioactive material from the precipitate it was washed four times by centrifugation (6000 g for lOmin.
at 00) with 5ml. of ice-cold 0-1N-HC104 that contained unlabelled Pi (1mM) and ATP (0-6mm). The washed precipitate was finally resuspended in 1-Oml. of 0-I N-NaOH containing Na2CO3 (2%, w/v) and boiled for 15min. After cooling a sample was taken for radioactivity determination.
Determination of phosphatase activity. The procedure followed in determining the phosphatase activity of the membrane particles in which the ATPase activity was located was essentially that described by Ahmed & Judah (1964) , with slight modifications. The mixture consisted of tris buffer (50mM) adjusted to pH7-4 with HCI, MgCl2
(5 mm), p-nitrophenyl phosphate (5 mm) and the preparation in an amount equivalent to 0-4mg. of protein/ml. Where indicated, KCI (10mM) was also added. The total volume was lO-ml. The reaction was started by adding the p-nitrophenyl phosphate to the mixture, which was pre-equilibrated for 10min. at the required temperature. The time of incubation was 5min. at 230, and at other temperatures the time was chosen so as to yield approximately the same amount of free phenol as at 230 in 5min. The reaction was terminated by adding 0-lml. of 50% (w/v) trichloroacetic acid. After centrifugation (6000g for 5min. at 0°), 0-5ml. of the supernatant was diluted to a final volume of 3ml. with 1-OM-tris solution, pH10-4. The E400 of the yellow solution was then read on the Zeiss PMQ II spectrophotometer (1 cm. path length) against a blank of 1-Om-tris solution. Readings were corrected for free phenol present by running controls in which the trichloroacetic acid was added to the mixture before the substrate.
CJentrifugation. Centrifugation was carried out in a Servall model RC-2 refrigerated centrifuge (rotor SS-34).
Radioactivity determination. The sample was diluted with Bray's solution (Bray, 1960) to a final volume of lOml. and counted in a Packard Tri-Carb model 3003 scintillation spectrometer.
Protein determination. The method of Lowry, Rosebrough, Farr & Randall (1951) was used.
RESULTS
Effect of temperature on the activity of (Mg)-ATPa8e and (NaK)-ATPase. The activity of brain membrane ATPase was measured at various temperatures and found to increase more rapidly with temperature in the presence of Mg2+ plUs Na+ plus K+ than with Mg2+ alone. A typical experiment is presented in Fig. 1 . The ratio of (NaK)-ATPase activity to (Mg)-ATPase activity increased from 1-05 at 00 to 4-90 at 370 (Fig. 1,  inset) . When the results are presented in the form of an Arrhenius plot, discontinuities in the slope (at 60 and 200 respectively) become apparent irrespective of the nature of the activating ions. Occasionally certain enzyme preparations showed a slight activation by Na+ plus K+ even at 0°, but this was, however, very small compared with the stimulation observed at 370 (cf. Table 1 ). Preparations that showed originally no activation at 00 could be transformed into the slightly activated form by incubating the particles in 50mM-tris buffer, pH 7-4, containing magnesium chloride (0-5mM) and subsequently cooling to 00. The presence of Na+ plus K+ and of ATP was not required during the preincubation for this transformation to occur. Nevertheless, there is no obvious reason to assume that faulty temperature control during the preparation of the membrane ATPase caused the above described variations in activation at 00. Inhibitory effect of ouabain on (NaK)-ATPase at different temperatures. According to Levi, Sharon & Koshland (1959) , discontinuities in the Arrhenius plot signify changes in enzyme structure. It is conceivable that a change in the structure of the membrane ATPase will be manifested, not only in the extent of stimulation induced by Na+ plus K+, but also in an altered sensitivity to inhibitors. The question was raised accordingly whether the action of ouabain, a specific inhibitor of (NaK)-ATPase (Dunham & Glynn, 1961) , would be influenced by temperature. The results, summarized in Table 1 , indicate that ouabain only exerts its effect on (NaK)-ATPase above 60, and that its effectiveness as an inhibitor increases most significantly between 10 and 260. Ahmed & Judah (1965b) have reported recently that the inhibitory effect of ouabain on ratbrain (NaK)-ATPase decreased steeply on reduction of the incubation temperature from 380 to 100.
Effect of oligomycin on the activity of (NaK)-ATPase at different temperatures. Oligomycin is well known as a potent inhibitor of the 2,4-dinitrophenol-stimulated mitochondrial ATPase (Lardy, Johnson & McMurray, 1958; Jobsis, 1963) . More recently, it was found to inhibit at higher concentrations the membranal (NaK)-ATPase as well (Jobsis & Vreman, 1963; Van Groningen & Slater, 1963) . Jobsis & Vreman (1963) reported that lower concentrations of oligomycin inhibit (NaK)-ATPase at 270 more than at 37. Prompted by this observation, we studied the effect of oligomycin over a wider range of temperatures. The results presented in Fig. 2 indicate that the inhibitory effect of oligomycin on the increment in activity induced by Na+ plus K+ decreased gradually between 60 and 37°. The oligomycin concentration required for 50% inhibition is about 40 times as high at 370 as at 60. Fig. 2 effect of Na+ on the labelling, but counteracts the effect of K+ on the dephosphorylation. It was decided to test whether oligomycin would also, at a stimulatory concentration, affect the pattem of labelling. Results of an experiment, shown in Table 2 , in which the effect of inhibitory and stimulatory concentrations of oligomycin on the transphosphorylation reaction were compared indicate that 1-0 ,g. of oligomycin/mg. ofprotein blocks the K+-dependent dephosphorylation step. This concentration of oligomycin, which is sufficient to inhibit ATPase at room temperature, also increases the labelling moderately when only Mg2+ and Na+ are added to the reaction mixture. By contrast, 0*05,g. of oligomycin/mg. of protein, which stimulates ATPase, nearly doubles the labelling increment caused by Na+, but does not interfere with the K+-mediated dephosphorylation.
Effect of ouabain and oligomycin on membranal brain phoaphata8e at various temperature8. It has been shown that preparations from erythrocyte membrane (Judah, Ahmed & McLean, 1962) and from brain microsomes (Ahmed & Judah, 1964) that possess (NaK)-ATPase activity can also Table 3 . Effect of ouabain on the hydroly8i8 of p-nitrophenyl pho8pluite catalyaed by rat-brain membranal ATPase preparation The composition of the reaction mixture and the conditions of the reaction were as described in the Methods section. ,Ouabain was added where indicated at a concentration of 100PAM. Inhibition is expressed as a percentage of the activity increment induced by K+. Table 3 indicate that Schellman (1959) , are believed to underlie the the effect of temperature on the K+-induced change resulting from exposure of an enzyme to activation of the phosphatase is much less pro-ions or other environmental influences. Since these nounced than that with ATP as substrate. More changes are temperature-dependent, the temsignificant, however, is the temperature change in perature effect may be expected to be especially the effectiveness of ouabain and oligomycin: strong for enzymes requiring excessive 'reshaping' Olm -ouabain, which suppresses the K+-induced for their activation. The molecular models develactivation at 230, is practically ineffective below oped for the visualization of K+-dependent Na+ 160. The temperature-dependence of oligomycin transport across the cell membranes (Opit & action is also qualitatively similar to that found Charnock, 1965; Whittam & Ager, 1965) are based for (NaK)-ATPase. The results in Fig. 3 indicate on sequential changes in the folding of membranal that a nearly fourfold increase in the concentration enzymes, related to the various phases of the of oligomycin is required to cause 50% inhibition process of ion transport. There is also some more at 370 as compared with that at 50. It is also direct evidence in favour of the view that Na+-plusapparent that, as with ATPase, low oligomycin K+-induced activation of membrane ATPase is concentrations have a stimulating effect, whereas connected with changes in the conformation of the higher concentrations have an inhibitory effect. In enzyme (Squires, 1965) . spite of the great similarity between the effects of In the light of the above considerations, it is ouabain and oligomycin on ATPase and phos-tempting to assume that the drastically decreased phatase activities respectively, however, the tem-activation of membrane ATPase at low temperaperature effect in activation and inhibition of the tures by Na+ plus K+ is due to 'freezing out' of phosphatase is much less striking than that for the conformational changes. The considerably ATPase.
higher (1964) .
It is noteworthy that oligomycin should, in very low concentration, stimulate the Na+-plus-K+-dependent hydrolysis of ATP, increase the transfer of labelled phosphate in the presence of Na+ to an acid-precipitable fraction, but fail to block K+-dependent dephosphorylation of the intermediate. These findings recall the observations reported by Lee & Ernster (1965) on the action oflow oligomycin concentrations on certain energy-linked reactions in mitochondria.
